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ICSBP (IRF-8) is a transcription factor of the IRF family expressed only in the immune system. It is induced
in macrophages by gamma interferon (IFN-�) and contributes to macrophage functions. By interacting with
Ets family protein PU.1, ICSBP binds to the IRF/Ets composite element and stimulates transcription. ICSBP
binds to another DNA element, the IFN-stimulated response element (ISRE), a common target of the IRF
family. Limited knowledge as to how ICSBP and other IRF proteins regulate ISRE-dependent transcription in
IFN-�-activated macrophages is available. By mass-spectrometric analysis of ISRE-bound proteins in macro-
phages, we identified TEL, another Ets member, as a factor recruited to the element in an IFN-�-dependent
manner. In vitro analysis with recombinant proteins indicated that this recruitment is due to a direct
interaction between ICSBP and TEL, which is enhanced by the presence of ISRE. Significantly, the interaction
with TEL in turn resulted in the recruitment of the histone deacetytase HDAC3 to the ISRE, causing increased
repression of IFN-�-mediated reporter activity through the ISRE. This repression may provide a negative-
feedback mechanism operating after the initial transcriptional activation by IFN-�. By associating with two
different Ets family proteins, ICSBP exerts a dual function in IFN-�-dependent gene regulation in an immune
system-specific manner.

ICSBP (IRF-8) is one of the nine members of the IRF family
of transcription factors. Each member binds to the common
target element, the interferon (IFN)-stimulated response ele-
ment (ISRE), and regulates transcription of IFN-inducible
genes as well as the IFN-� and -� genes (37, 50). Several
members are potent activators of ISRE-dependent transcrip-
tion. For example, IRF-9 and IRF-3, which are present in a
latent form prior to stimulation, are activated by IFNs as well
as viruses and are responsible for immediate activation of
target genes. IRF-1, inducible after IFN and viral stimulation,
also activates transcription. On the other hand, other members
of the IRF family, the prototype being IRF-2, repress ISRE-
dependent transcription. This repression is thought to contrib-
ute to the maintenance of IFN-inducible genes in a silent state
prior to stimulation. Likewise, previous reporter analysis indi-
cated that ICSBP is a repressor of ISRE-dependent transcrip-
tion (36, 57).

Although the majority of IRF family members are expressed
broadly in many cell types, ICSBP and another member, Pip
(IRF-4), are expressed only in the immune system (4, 12, 49).
Studies of ICSBP�/� mice showed that ICSBP contributes to
various aspects of innate and adaptive immunity (19, 43). In
particular, this transcription factor has a nonredundant role in

the development and function of macrophages (48, 49, 52, 54).
In macrophages ICSBP is strongly induced upon IFN-� stim-
ulation (22). Because IFN-� is a macrophage-activating factor
and is involved in many activities associated with activated
macrophages (2), ICSBP is thought to have an important role
in macrophage activation (49). Despite the functional implica-
tions, to date little information as to how ICSBP exerts its role
at the level of transcription in activated macrophages is avail-
able. For example, it has not been quite clear whether repres-
sion of ISRE-mediated transcription by ICSBP, observed pre-
viously in nonimmune cells (36, 57), is relevant to activated
macrophages. It has also been unclear whether activated mac-
rophages have a unique mechanism of regulating ISRE-depen-
dent transcription and, if so, what role ICSBP plays.

ICSBP and Pip regulate transcription from another target
element, the EICE, a composite element consisting of the half
site of the ISRE and the Ets site (4, 5, 38, 40). The binding of
ICSBP to EICE depends on the interaction with PU.1, a mem-
ber of the Ets family of transcription factors (44). PU.1 is
expressed only in hematopoietic cells, and its expression pat-
tern in adult mice is very similar to that of ICSBP (26). Anal-
ogous to the PU.1-Pip interaction, the PU.1-ICSBP interaction
is DNA directed and facilitated by EICE (4, 38). The PU.1-
ICSBP complex and the PU.1-Pip complex are shown to act as
a stimulators of EICE-mediated transcription (4, 40). Recent
studies indicate that the EICE and EICE-like elements are
present in a number of IFN-�-stimulated genes active in mac-
rophages (13, 23, 25, 31, 42) and that ICSBP and PU.1 coop-
eratively stimulate transcription of some of these genes. Acti-
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vation of EICE-dependent transcription appears to involve
phosphorylation of PU.1 as well as ICSBP (28, 45). This acti-
vation may in part be due to the recruitment of coactivator/
histone acetylase CBP/p300, since CBP/p300 can interact with
PU.1 (but not ICSBP) (32, 59).

TEL is another member of the Ets family, originally discov-
ered as part of the TEL/platelet-derived growth factor receptor
� fusion protein in chronic myelomonocytic leukemia (15, 21).
Later, TEL was shown to fuse to a number of other proteins in
other leukemias (16, 18). It has been shown that, through a
differential ATG usage, a single tel gene generates at least two
nuclear phosphoproteins (16, 39). Although TEL is expressed
ubiquitously, a recent analysis with TEL�/� embryonic stem
cells indicates that it is specifically required for bone marrow
hematopoiesis (56). TEL has a classic Ets domain in the C
terminus and binds to the Ets site, with a core motif of
GGAA/T (44). It also has the oligomerization domain (also
called the pointed [PNT] domain, B domain, or HLH domain)
in the N terminus that is conserved in several Ets members, but
not in PU.1 (33, 39). TEL represses transcription through the
Ets site, and repression may be attributed to the recruitment of
mSin3A, corepressor N-CoR, and histone deacetylase HDAC3
(7, 14, 29, 33, 55).

The present study was carried out with the aim of under-
standing the function of ICSBP in ISRE-dependent transcrip-
tion in a biologically relevant system, i.e., IFN-�-activated mac-
rophages. We surmised that, if ICSBP has a unique mechanism
of regulating ISRE-mediated transcription in macrophages,
then such a mechanism may be reflected in protein complexes
bound to the ISRE. With this idea in mind, we sought to
identify factors that bind to the ISRE along with ICSBP in
IFN-�-stimulated macrophages. The initial mass-spectrometric
analysis identified TEL as a factor recruited to the ISRE upon
IFN-� stimulation. Subsequent in vitro studies demonstrated
that it is ICSBP that recruits TEL to the ISRE. Detailed
deletion analysis revealed that domains within TEL and ICSBP
required for the interaction differ from those responsible for
the interaction with PU.1. By cotransfection assays we found
that the combination of TEL and ICSBP strongly represses the
activities of ISRE reporters as well as endogenous gene ex-
pression upon IFN-� addition, indicating the functional signif-
icance of TEL recruitment. Finally, we show that recruitment
of TEL to the ISRE in turn brings the histone deacetylase
HDAC3 to the element, a likely mechanism of increased re-
pression by TEL. Taken together, the results of this study show
that ICSBP plays a dual role in activated macrophages by
interacting with two different Ets family proteins.

MATERIALS AND METHODS

Cells and plasmids. Raw 264.7 (RAW) cells were maintained in RPMI1640
(Quality Bioproducts) supplemented with 2 mM L-glutamine, 10% fetal bovine
serum, and penicillin-streptomycin (Life Technologies) at 37°C under 5% CO2.
Cells were treated with recombinant IFN-� (100 U/ml) or natural murine IFN-
�/� (1,000 U/ml) for 12 h (32). Glutathione S-transferase (GST) fusions with
full-length TEL and TEL deletion mutants were constructed by inserting the
following PCR fragments into pGEX-4T (Pharmacia). The C-terminal deletion
mutants 1-419 and 1-332 were produced with primers corresponding to the
in-frame SalI site at the 5� end and the deletion points. The �Ets fragment was
prepared by blunt-end ligation of two fragments (1-332 and 420-452). �PNT,
�55-332, �55-245, and �55-419 fragments were prepared by ligating the 1-54
fragment and corresponding C-terminal fragments. The information on primer
sequences and PCR conditions is available upon request. All reactions were

performed with Pfu DNA polymerase (Stratagene), the resultant constructs were
sequenced, and correct deletions were confirmed. The mammalian expression
vector for full-length human TEL (hTEL) cDNA (pcDNA-hTEL) has been
described (15). Vectors for TEL deletion mutants were constructed by inserting
appropriate fragments in the pcDNA vector. The pcx-ICSBP vector has been
described (54). Clones of 32D myeloid cells stably transfected with full-length
hTEL or an empty vector are described elsewhere (R. Martinez et al., submitted
for publication). These cells were transduced with a retrovirus vector containing
ICSBP, pMSCVpuro-ICSBP, as described previously (48).

Antibodies. Antibodies against IRF-1, IRF-2, and ICSBP have been described
(32). A polyclonal rabbit antibody against TEL was produced with the peptide
corresponding to a carboxy-terminal region of TEL (C-DRLEHLESQELDEQ
IYQEDE) as an immunogen. The sera were affinity purified with the peptide by
using the SulfoLink kit (Pierce). The antibodies against HDAC1, HDAC2, and
HDAC3 were obtained from Santa Cruz Biotechnology.

DNA affinity binding assay. Nuclear extracts were prepared as described
previously (11) with some modifications. Briefly, 4 � 108 cells were homogenized
in 3 ml of buffer A, and nuclear pellets were suspended in 1.2 ml of buffer C.
Eight hundred microliters of nuclear extracts (	1 mg of proteins) was mixed with
160 
l of 50% glycerol and 1 
l of 10% NP-40. Affinity binding assays were
performed principally as described previously (32). Briefly, three repeats of the
ISRE from the guanylate binding protein (GBP) gene (10, 53) were amplified by
PCR with a biotinylated 5� primer (GAGGTACCGAGCTCTTAC) and a 3�
primer (ACCAGCGTCCGCAGATCT). Mutant ISRE oligonucleotides with
XhoI and BglII sites at the 5� and 3� ends, respectively, were synthesized and
inserted into the pGL-Ld40Luc plasmid. Amplified DNA was conjugated to
M280 magnetic beads (Dynal) and incubated with 	1 mg of nuclear extracts in
the presence of 20 
g of salmon sperm DNA for 1 h at 4°C. Beads were washed
three times with washing buffer (20 mM Tris [pH 7.5], 0.2 mM EDTA, 300 mM
NaCl, 10% glycerol, 0.01% NP-40), and bound materials were eluted in 1�
sodium dodecyl sulfate (SDS) sample buffer. Samples were separated by
SDS–8% polyacrylamide gel electrophoresis (PAGE). Gels were visualized with
silver staining or colloidal Coomassie blue staining (Sigma). Sliced bands were
subjected to mass spectrometry. For immunoblot detection, 100 to 200 
g of
nuclear extracts was incubated with ISRE-conjugated beads, and bound materi-
als were separated by SDS–10% PAGE (Novex). Recombinant, histidine-tagged
IRF-1, IRF-2, and ICSBP have been described (32). Recombinant, histidine-
tagged TEL was constructed with a baculovirus vector with full-length hTEL
cDNA (15) by using the Bac-to-BAC system (Life Technologies). Recombinant
TEL, IRF-1, IRF-2, and ICSBP proteins were affinity purified on Ni2�-nitrilo-
triacetic acid resin (Qiagen) as described previously (32). Twenty to 100 ng of
recombinant proteins was incubated with ISRE-conjugated beads for 1 h at 4°C.
For immunoblotting, gels were transferred onto a nitrocellulose membrane
(Schleicher & Schuell) with a wet transfer apparatus (Bio-Rad). Membranes
were blocked with 5% milk and incubated with a primary antibody followed by
incubation with a horseradish peroxidase-conjugated anti-rabbit antibody (Am-
ersham) and developed by the chemiluminescence method (Pierce).

In gel digestion and tandem mass spectrometry. The Coomassie blue-stained
bands were excised and destained with 30% methanol for 3 h at room temper-
ature and washed twice for 30 min with 150 
l of 1:1 acetonitrile–0.1 M ammo-
nium bicarbonate, pH 8. Trypsin digestion and mass-spectrometric sequencing of
proteins from polyacrylamide gels were carried out essentially as described
previously (46). Briefly, gel slices were diced into 1-mm cubes and rehydrated in
10 
l of 0.1 M ammonium bicarbonate buffer containing 0.5 
g of sequencing
grade modified trypsin (Promega). An additional 15 
l of digestion buffer with-
out trypsin was added after 10 min. Digestion was carried out for 16 h at 37°C.
Peptides were extracted with 150 
l of 60% acetonitrile containing 0.1% triflu-
oroacetic acid at 30°C for 30 min and concentrated to 15 
l with an Eppendorf
Speed-Vac concentrator. A Finnigan-MAT LCQ ion trap mass spectrometer
equipped with electrospray interface and a reverse-phase (RP) microcapillary
high-performance liquid chromatography column (interior diameter, 75 
m;
packed with 10 cm of 5-
m C18 RP particles) was used to collect the collision-
induced dissociation spectra. About 2 
l of the peptide digest was used for the
analysis. The instrument was operated in positive polarity mode and was set to
collect a full scan (m/z 250 to 2,000) and a data-dependent MS/MS on the most
intense ion. Collision-induced dissociation spectra were interpreted by using
either the SEQUEST program (ThermoFinnigan) or Protein Prospector (www
.prospector.ucsf.edu).

GST pull-down assays. GST fusions to TEL and TEL deletion mutants (1 
g)
were conjugated to 20 
l of 50% glutathione-Sepharose beads (Pharmacia) at
4°C for 1 h. [35S]methionine-labeled full-length ICSBP and ICSBP deletion
mutants (48) were prepared by an in vitro transcription and translation kit
(Promega). Control GST and GST fusions conjugated to the beads were incu-
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bated with 20 
l of labeled materials at 4°C for 1 h in 1 ml of binding buffer and
washed with binding buffer, and bound materials were eluted in 1% SDS sample
buffer and detected by autoradiography.

Reporter analysis. The luciferase reporter containing three tandem repeats of
ISRE from the GBP gene and the minimum basal promoter, pGL2-
(ISRE)3Ld40-Luc, has been described (53). This reporter (0.4 
g) was trans-
fected into 2.5 � 105 RAW cells in 12-well plates along with 0.4 
g of pcx-ICSBP
and/or 0.4 
g of pcDNA-TEL and 5 ng of the Renilla plasmid used as an internal
control. Cells were treated with IFN-� (100 U/ml) for 12 h prior to harvest.
Luciferase activity was measured by the dual luciferase assay kit (Promega) and
normalized by the internal Renilla control. Expression of the wild-type TEL and
TEL deletion mutants of the expected sizes was confirmed by immunoblot
analysis of whole-cell lysates from transfected cells.

Reverse transcription and real-time reverse transcription-PCR. 2�,5�-oligoad-
enylate synthetase (2�,5�-OAS) transcripts were measured by the real-time flu-
orescence detection method using an ABI PRISM 7700 sequence detection
system (Applied Biosystems). One microgram of total RNA from 32D cells was
reverse transcribed by using Superscript II Rnase H reverse transcriptase (Life
Technologies). PCRs were performed with the SYBR green PCR master kit
(Perkin-Elmer). The primer set for 2�,5�-OAS (forward and reverse) was 5�-CT
ACCTGCTTCACGGAGCTC-3� and 5�-CTCCTTACACAGTTGGTACCAG-
3�, and that for hypoxanthine phosphoribosyltransferase (HPRT) was 5�-GGG
AGGCCATCACATTGTG-3� and 5�-TCCAGCAGGTCAGCAAAGAAC-3�,
respectively. SYBR green was incorporated into the reaction mixture to permit
product measurement. Each of the primer sets gave a unique product. Real-time
PCR values were determined by reference to a standard curve generated by a
serial dilution of cDNA. Values obtained for 2�,5�-OAS mRNAs were normal-
ized by the levels of HPRT mRNA.

RESULTS

Mass-spectrometric identification of TEL in the ISRE-
bound protein complexes. In an effort to identify proteins that
are recruited to the ISRE in macrophages following IFN-�
treatment, we employed DNA affinity binding assays. Three
copies of the ISRE from the GBP gene (6, 10) immobilized
onto magnetic beads were incubated with nuclear extracts from
RAW cells treated with IFN-� for 12 h. RAW cells are a
murine cell line with macrophage functions and are activated
by IFN-� (22, 54). As a control, a mutant ISRE containing a
A3C mutation in the both halves of the GAAA motif that
abolished IRF binding activity was tested in parallel (see the
sequence for the wild-type and mutant ISRE in Fig. 1A, bot-
tom). Bound materials were eluted, separated by SDS–8%
PAGE, and visualized by silver staining. As seen in Fig. 1A,
extracts from untreated cells revealed multiple bands ranging
from 	97 to 55 kDa that were also present in IFN-�-treated
samples. Importantly, extracts from IFN-�-treated cells re-
vealed two additional bands of 	62 and 	58 kDa that were not
present in untreated cells (bands 1 and 2, Fig. 1A). Although
present prior to IFN-� treatment, bands 3 and 4 increased in
intensity following IFN-� treatment. These bands represented
proteins specifically assembled on the ISRE, since the mutant
ISRE did not reveal any of these bands. To determine the
identities of these proteins, bands 1, 2, and 3 were excised from
gels prepared in a larger scale, stained with Coomassie blue,
and digested with trypsin. Digested materials were separated
by microcapillary high-performance liquid chromatography
and analyzed on-line by ion trap mass spectrometry (1). As
summarized in Table 1, five and four peptides in bands 1 and
2, respectively, corresponded to peptide sequences of the mu-
rine TEL (15, 39). The murine tel gene, like the human coun-
terpart, produces at least two species of peptides translated
from distinct ATG sites (39). Band 1 and band 2 likely repre-
sent these two products. Five peptides from band 3 were iden-

tified as arising from the mouse ICSBP protein. Band 4 was
determined to be IRF-1 by immunoblot analysis (see below).

To confirm the results of mass-spectrometric analysis, bound
proteins were analyzed by immunoblotting using an antibody
raised against a peptide of 20 amino acids present in the C-
terminal region of the murine TEL. As shown in the input
lanes in Fig. 1B, the antibody recognized two species of TEL in
RAW cell extracts that were present in similar amounts before
and after IFN-� treatment, indicating that TEL expression
levels did not alter following IFN-� treatment. The two bands
correspond to band 1 and band 2 in Fig. 1A. In contrast, levels
of ICSBP and IRF-1 were enhanced after IFN-� treatment
(compare � and � input lanes in Fig. 1B), consistent with
IFN-� induction of the IRF proteins (22, 53). As seen in the
bound lanes in Fig. 1B, neither TEL species bound to the ISRE
in untreated samples. However, both of the TEL species bound
to the ISRE in samples treated with IFN-�. Supporting the
specificity of binding, TEL was not found on the mutant ISRE,
regardless of IFN-� treatment. Another peptide antibody
raised against an internal region of TEL produced the same
results (not shown). Also as shown in Fig. 1B, the amounts of
ICSBP and IRF-1 bound to the ISRE were markedly increased
after IFN-� treatment, consistent with the increased expres-
sion. An upper band in the ICSBP immunoblot was a nonspe-
cific protein and did not bind to the ISRE. In addition, IRF-2,

FIG. 1. IFN-�-dependent recruitment of TEL to the ISRE.
(A) Three copies of the wild-type (WT) and mutant (Mut) ISRE
immobilized to magnetic beads were incubated with nuclear extracts
from RAW cells treated with or without IFN-� (100 U/ml) for 12 h.
Bound materials were separated by SDS–8% PAGE and visualized by
silver staining. Bands 1 and 2 and band 3 (arrowheads) were identified
as TEL and ICSBP, respectively (Table 1). (B) Immobilized wild-type
ISREs were incubated with 100 
g of extracts from RAW cells treated
with IFN-� for 12 h, and bound proteins were separated by SDS–10%
PAGE and detected by immunoblotting. Input represents 5% of total
extracts. �, nonspecific protein that did not bind to the ISRE. (C) The
wild-type and mutant ISREs were immobilized to the beads, and the
binding of the indicated factors was tested by immunoblotting as for
panel B. Input represents 5% of total extracts.
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expressed before and after IFN-� treatment at similar levels,
bound to the ISRE. The binding of multiple IRF members to
the ISRE may be attributable to the fact that ICSBP interacts
with IRF-1 and IRF-2, conferring on ICSBP an increased af-
finity for the DNA (3, 34). Because the recruitment of TEL was
unexpected and because another Ets member, PU.1, interacts
with ICSBP to bind to EICE (5, 26, 30, 48), we next examined
whether PU.1 is also recruited to the ISRE. As shown in Fig.
1B, this Ets member did not bind to the ISRE, irrespective of
IFN-� treatment.

To further investigate the nucleotides in the ISRE important
for TEL recruitment, additional mutants shown in Fig. 1C
were tested in DNA affinity binding assays with IFN-�-treated
RAW cells. M1, M2, and M3 each had a point mutation in both
halves of the GAAA repeat, whereas M4 and M5 each had a
mutation in only the 5� or 3� half of the repeat. As shown in
Fig. 1C mutations of both halves of the GAAA greatly dimin-
ished the binding of ICSBP and IRF-1 and completely abol-
ished TEL recruitment. Interestingly, M4, with a mutation in
the 3� half of the repeat and retaining an intact 5� GAAA,
permitted the binding of both ICSBP and IRF-1. However,
TEL recruitment was completely eliminated with this muta-
tion. On the other hand, M5, with a mutation in the 5� half and
an intact 3� GAAA, did not permit the binding of ICSBP or the
recruitment of TEL. IRF-1 binding was seen with this mutant,
albeit at a reduced level. These results indicate that TEL re-
cruitment is dependent on the presence of the intact GAAA
motifs in both halves of the ISRE and that, even when ICSBP
and IRF-1 are bound to the ISRE, TEL cannot be recruited to
the element if the element has a mutation in the 3� half of the
repeat. This implies that TEL has some affinity for the 3�
GAAA and that ICSBP and TEL bind to the element with a
defined orientation. Taken together, the results of this analysis
identify TEL as a factor recruited to the ISRE upon IFN-�
treatment.

TEL recruitment requires ICSBP. To investigate the mech-
anism by which TEL is recruited to the ISRE, a baculovirus
recombinant protein was prepared from full-length hTEL (15)
and its binding to the ISRE was tested in vitro along with that
of recombinant ICSBP, IRF-1, and IRF-2. The hTEL is 	90%
identical to murine TEL, although the latter has an additional
37 amino acids in the C terminus (39). In Fig. 2A, the immo-
bilized ISRE was incubated with the indicated recombinant
proteins and bound proteins were eluted and detected by im-
munoblotting. As expected, TEL alone did not bind to the
ISRE. However, TEL was bound to the ISRE when coincu-
bated with ICSBP. ICSBP by itself bound only weakly to the
ISRE, as previously noted (34, 48), but coincubation with TEL

increased the binding, as evidenced by increased intensity of
the band. Significantly, TEL did not bind to the ISRE when
coincubated with IRF-1 or IRF-2. In Fig. 2A (right), TEL
binding in the presence of several IRF proteins was further
tested. TEL did not bind to the element when coincubated with
IRF-1 plus IRF-2 but bound well when incubated with ICSBP
plus IRF-1 or IRF-2. TEL binding was also detected when
TEL was coincubated with all three recombinant proteins. In
these experiments TEL binding appeared somewhat weaker
when TEL was incubated in the presence of IRF-2 than when
it was incubated in the presence of IRF-1. These results indi-
cate that TEL does not bind to the ISRE by itself but binds to
it in the presence of ICSBP, suggesting that recruitment of
TEL to the ISRE is dependent on ICSBP. To assess how
ICSBP recruits TEL to the ISRE, an order-of-addition exper-
iment was performed; in this experiment TEL or ICSBP was
added to the immobilized DNA alone, unbound materials were
washed, and then the second protein was added. As seen in

FIG. 2. ICSBP-dependent recruitment of recombinant TEL to the
ISRE. (A) Immobilized wild-type ISREs were incubated with 20 ng of
the indicated recombinant proteins for 1 h at 4°C, and bound proteins
were detected by immunoblot analysis. Input represents 10% of the
total reaction mixture. (B) Immobilized wild-type (WT) and mutant
(Mut) ISREs (M2) were first incubated with 50 ng of the indicated
recombinant proteins for 1 h at 4°C, washed, and then incubated with
the second protein under the same conditions. Bound proteins were
detected as for panel A. Input represents 5% of total extracts.

TABLE 1. Peptides identified by mass spectrometry

Band Accession no. Protein Sequencesa

1 3023730 (NCBlnr) TEL SSTPLHVHTVPR (aa 29–40), MEEDSIHLPTHLR (aa 44–56), LQPIYWSR (aa 57–64),
DDVAQWLK (aa 65–72), GNLPTGTAGGVMEAGELGVAVK (aa 457–478)

2 3023730 (NCBlnr) TEL LNIIR (aa 400–404), ALLLLTK (aa 94–100), DDVAQWLK (aa 65–72), LQPIYWSR (aa
57–64)

3 P23611 (Swiss-Prot) ICSBP QDYNQEVDASIFK (aa 45–58), SPDFEEVTDR (aa 89–98), SQLDISEPYK (aa 99–108),
LSLSQPGLPK (aa 229–238), LILVQVEDQLYAR (aa 362–373)

a Peptide sequences identified by mass spectrometry. The numbers in parentheses indicate amino acid (aa) positions within the murine TEL (39) and ICSBP (12).
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Fig. 2B, TEL was not recruited to the ISRE when added alone
prior to the addition of ICSBP. Likewise TEL was not re-
cruited when ICSBP was added before TEL. In contrast, TEL
binding was observed when the two proteins were coincubated
and added to the ISRE at the same time. However, when TEL
and ICSBP were coincubated and added to the mutant ISRE
(M2), neither protein bound to the DNA (Fig. 2B), verifying
the target specificity of binding. These results indicate that
TEL and ICSBP directly interact with each other to bind to the
ISRE.

It is of note here that the standard electrophoretic gel mo-
bility shift assays (EMSA) did not reveal the binding of recom-
binant TEL to ISRE probes in the presence or absence of
ICSBP. TEL binding was not detected in EMSA with RAW
cell extracts either (not shown), suggesting that TEL associates
with the ISRE with a relatively low affinity and dissociates from
the complex during electrophoresis. This property differs from
that of the PU.1-ICSBP interaction, which is readily seen by
EMSA with the EICE probe (4, 5, 38, 40) (see Discussion).

Domain analysis. To determine the domains within TEL
that are required for interacting with ICSBP, a series of GST-
TEL fusions were constructed and tested for binding of
[35S]methionine-labeled ICSBP. Figure 3A, top, shows a dia-
gram of the GST-TEL deletion mutants and Coomassie blue
staining of them. Figure 3A, bottom, shows the binding of
radiolabeled ICSBP. In agreement with DNA affinity binding
data in Fig. 2, ICSBP bound to the GST fusion to full-length
TEL (WT). In contrast, it did not bind to the C-terminal
deletion mutants, 1-245, 1-332, and 1-419, or to �Ets, indicat-
ing that both the extreme C-terminal domain and the Ets
domain are required for interacting with ICSBP. On the other
hand, ICSBP binding was not affected by the deletion of the
pointed domain (�PNT), involved in oligomerization (16, 21).
Similarly, ICSBP bound to �55-245 and �55-332, which lack
the internal region, although binding to the latter was weaker
than binding to the former. These results indicate that regions
encompassing the extreme C-terminal domain and the Ets
domain of TEL are required for the interaction with ICSBP.
This domain requirement differs somewhat from that of PU.1,
which requires, in addition to the Ets domain, the PEST do-
main, N-terminal from the Ets domain (5, 38).

To study domains within ICSBP that are required for bind-
ing to TEL, a GST fusion to full-length TEL and control GST
were tested for binding to a series of radiolabeled ICSBP
deletion mutants. Figure 3B, top, shows a diagram of ICSBP
deletion mutants. Full-length ICSBP and all C-terminal dele-
tion mutants, 1-390, 1-356, 1-305, and 1-254, bound to TEL but
not control GST. Moreover, the mutant that contains only the
DNA binding domain (DBD) bound to TEL. In contrast, the
mutant with a deletion of the DBD (�DBD) failed to bind to
TEL. Interestingly, K79E, containing a point mutation in the
DBD known to be critical for ISRE binding, failed to bind to
TEL. These data indicate that ICSBP interacts with TEL
through the DBD. This domain requirement differs from that
of the interaction with PU.1, which is dependent on the IAD (IRF
association domain) region in the C-terminal domain (5, 48).

TEL represses ISRE-dependent transcription. To investi-
gate the functional significance of TEL recruitment, transient
transfection assays were carried out using a luciferase reporter
driven by three copies of the ISRE identical to that used above.

RAW cells were transfected with the reporter along with ex-
pression vector for ICSBP, TEL, or both and were treated with
or without IFN-� for 12 h. As seen in Fig. 4A, transfection of
ICSBP alone reduced ISRE reporter activity by 	40% irre-
spective of IFN-� treatment, consistent with the previous find-
ing that ICSBP represses ISRE-dependent transcription (36,
57). On the other hand, transfection of TEL alone had little
effect on reporter activity, also in the presence or absence of
IFN-�. When ICSBP and TEL were cotransfected, reporter
activity was further reduced by 	70%, again irrespective of
IFN-� treatment. Under these conditions ISRE reporter activ-
ity was only modestly stimulated by IFN-�, which may be due
to the repression caused by the endogenous ICSBP and TEL
expressed in RAW cells. These results indicate that ICSBP and
TEL cooperatively repress ISRE-dependent reporter activity.
Similar cooperative repression was seen when cotransfection
experiments were performed with P19 cells, which do not ex-
press endogenous ICSBP (not shown).

To examine whether TEL deletion mutants that failed to
interact with ICSBP also failed to repress ISRE-mediated tran-

FIG. 3. Domains required for TEL-ICSBP interaction. (A) (Top)
Diagram of TEL deletion mutants and summary of ICSBP binding.
(Bottom) Coomassie blue staining of GST-TEL fusions and binding of
35S-labeled ICSBP. Input represents 10% of total reaction. WT, wild
type. (B) (Top) Diagram of ICSBP deletion mutants and summary of
TEL binding. (Bottom) 35S-lableled ICSBP deletion mutants were
incubated with control GST or GST–full-length TEL, and bound ma-
terials were detected by autoradiography. Input represents 10% of the
reaction mixture.
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scription, RAW cells were transfected with the reporter along
with TEL deletion mutants and the wild-type ICSBP and re-
porter activity was tested following IFN-� treatment. Deletion
mutants �55-245 and �55-332 retain the ability to interact with
ICSBP, while deletion mutant �Ets does not interact with
ICSBP (Fig. 3A). Expression of the wild-type TEL and the
TEL deletion mutants of the expected sizes was detected by
immunoblot analysis of transfected cells (not shown). Results
of reporter analysis are shown in Fig. 4B. As expected, wild-
type TEL, when cotransfected with ICSBP, repressed reporter
activity by 	65% but did not repress reporter activity when
transfected alone. In contrast, none of the four TEL deletion
mutants tested repressed reporter activity to a level similar to
that by the wild-type TEL, irrespective of whether they re-
tained ICSBP binding activity. The reporter activities obtained
with �55-245 and �Ets did not significantly differ from those

with ICSBP alone, indicating that these deletion mutants did
not have a repressive activity. The reporter activity observed
with �55-332 was slightly higher than those due to ICSBP
alone, suggesting that this deletion might have interfered with
the activity of endogenous TEL. These data indicate that re-
pression requires broad regions of TEL beyond what is re-
quired for binding to ICSBP. Although there are other expla-
nations for these results, it is possible that the repression is
dependent on proteins other than ICSBP that interact with
TEL (see below).

Ectopic expression of TEL and ICSBP represses IFN-�-
inducible 2�, 5�-OAS gene expression. Next, we wished to as-
certain whether TEL and ICSBP affect expression of an en-
dogenous gene. To this end, we examined expression of the
2�,5�-OAS gene in 32D cells that ectopically express TEL and
ICSBP. The 2�,5�-OAS gene (35, 41) is a classic IFN-inducible
gene, and the promoter of this gene carries an ISRE (8) but
not other elements, such as the IFN-�-activated site, that might
obscure the effect of TEL and ICSBP. 32D cells are a murine
myeloid progenitor cell line where expression of endogenous
ICSBP and TEL is low. The 32D cell clone stably transfected
with TEL expressed a high level of TEL compared with control
32D cells. To achieve ectopic ICSBP expression in this clone,
cells were transduced with a retrovirus vector for ICSBP (Fig.
5A, TEL � ICSBP) (48). As a control for viral transduction,
the control clone and TEL-overexpressing clone were also
transduced with a control virus without insert (Fig. 5A, control
and TEL, respectively) and treated with IFN-� for 12 h. Im-
munoblot assays in Fig. 5A show that TEL is overexpressed in
the TEL clone while it is almost undetectable in the control
clone. ICSBP was also essentially undetectable in the control

FIG. 4. Increased repression of ISRE-reporter activity by TEL and
ICSBP. (A) RAW cells were transfected with 0.4 
g of ISRE-lucif-
erase reporter along with 0.4 
g of pcx-ICSBP and/or pcDNA-TEL
and the Renilla plasmid (5 ng) for 12 h. The total amount of transfected
DNA was adjusted with appropriate empty vector to 1.205 
g. Cells
were then treated with or without IFN-� for 12 h. Luciferase activity
was normalized by the Renilla internal control. Values represent the
averages of three determinations � standard deviations (SD).
(B) RAW cells were transfected with ISRE-reporter along with pcx-
ICSBP and the indicated TEL deletion mutants and the Renilla control
as for panel A. Cells were treated with IFN-� for 12 h, and luciferase
activity was measured as for panel A. Values represent the averages of
three determinations � SD.

FIG. 5. Reduced 2�,5�-OAS transcript expression by TEL and
ICSBP. (A) 32D cells were stably transfected with the control vector or
full-length TEL, and appropriate clones were isolated. The TEL clone
was transduced with control (TEL) or ICSBP retrovirus vector (TEL �
ICSBP). Cells were treated with IFN-� (100 U/ml) for 6 h. Expression
of TEL and ICSBP proteins was detected by immunoblot analysis
using 100 
g of nuclear extracts. (B) 2�,5�-OAS mRNA levels in indi-
cated 32D clones treated with IFN-� (100 U/ml) for the indicated
periods were measured by real-time reverse transcription-PCR. Values
represent relative mRNA levels normalized by HPRT.
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clone but was induced at a modest level by IFN-�. However,
the TEL clone did not induce ICSBP after IFN-� addition,
suggesting that IFN-� induction of ICSBP is repressed by TEL.
The absence of ICSBP expression is not due to the generalized
lack of IFN-� responsiveness, as verified by the analysis of
genome-wide gene expression patterns in this clone (R. Mar-
tinez et al., submitted). On the other hand, ICSBP was consti-
tutively expressed in the TEL-plus-ICSBP clone, and the ex-
pression was not affected by IFN-� treatment, as expected. The
level of ICSBP was similar to that seen in the control clone
induced by IFN-�. Data in Fig. 5B show levels of 2�,5�-OAS
transcripts in these clones as measured by real-time PCR.
2�,5�-OAS mRNA levels were normalized by control HPRT
mRNA levels. In the control clone, 2�,5�-OAS expression in-
creased linearly beginning 3 h after IFN-� treatment and
reached approximately fourfold by 12 h. Transcript levels in
the TEL clone were also increased upon IFN-� treatment, with
kinetics similar to those for the control cells. However, the
maximum transcript level was lower than that for the control
clone, indicating that this clone is capable of inducing 2�,5�-
OAS after IFN-� treatment, although less efficiently than the
control clone. In contrast, the clone expressing both TEL and
ICSBP expressed much lower levels of 2�,5�-OAS transcripts
both before and after IFN-� treatment. In line with the low
basal expression, IFN-� led to a meager transcript induction,
the levels reaching only 	35% of those in the control clone.
Thus, the combination of TEL and ICSBP represses constitu-
tive and IFN-�-inducible expression of the 2�,5�-OAS gene.

TEL recruits the histone deacetylase HDAC3 to the ISRE in
an IFN-�-specific manner. The reporter data shown in Fig. 4B
indicate that TEL repression of ISRE-mediated transcription
requires domains other than those required for ICSBP bind-
ing. This result raised the possibility that TEL interacts with
other proteins important for transcriptional repression. A
number of DNA binding transcription factors repress tran-
scription by recruiting histone deacetylases to the promoter (9,
24). Indeed, TEL interacts with HDAC3, and this interaction is
thought to account for transcriptional repression through the
Ets site (55). TEL also interacts with mSin3A as well as SMRT
and N-CoR (7, 14). The last three factors are part of the large
histone deacetylase complexes (20, 51, 60). HDAC3 is a mem-
ber of the class I histone deacetylases, which include HDAC1
and HDAC2. In many cell types HDAC1 and HDAC2 are
more abundant than HDAC3 (9, 20, 24). Unlike the well-
documented interaction of TEL with HDAC3, we have not
obtained convincing evidence for direct interaction between
ICSBP and class I histone deacetylases (not shown). In view of
these observations, it was of interest to study whether histone
deacetylases are recruited to the ISRE by TEL. Nuclear ex-
tracts from RAW cells treated with or without IFN-� were
incubated with the immobilized ISRE, and the bound materi-
als were tested for the presence of histone deacetylases by
immunoblot assays. As seen in Fig. 6A, HDAC1, HDAC2, and
HDAC3 were all expressed in RAW cells and their levels
remained similar before and after IFN-� treatment (see the
input lanes). TEL bound to the ISRE along with ICSBP in an
IFN-�-dependent manner, confirming the data in Fig. 1B. In
addition, HDAC3 was recruited to the ISRE in an IFN-�-
dependent manner. However, neither HDAC1 nor HDAC2
was detected on the ISRE. Supporting the specificity of

HDAC3 recruitment, neither HDAC3 nor TEL bound to the
mutant ISRE. These results indicate that HDAC3 is recruited
to the ISRE upon IFN-� treatment.

Since IFN-� signals through a pathway partly shared with
that of IFN-�/� and since the two cytokines regulate overlap-
ping sets of target genes (47), we sought to determine whether
IFN-�/� treatment also triggers recruitment of TEL and
HDAC3 to the ISRE. As seen in Fig. 6B, TEL was not re-
cruited to the ISRE following IFN-�/� treatment, although
ICSBP, IRF-1, and IRF-2 bound to the ISRE. Furthermore,
IFN-�/� led to little HDAC3 recruitment to the element.
These results indicate that HDAC3 is recruited to the ISRE
through TEL specifically following IFN-� treatment.

Finally, it was of importance to begin addressing the biolog-
ical significance of TEL recruitment, particularly because the
assembly of the HDAC3 complex and the ensuing transcrip-
tional repression from the ISRE appeared somewhat incom-
patible with the fact that IFN-� activates ISRE-mediated tran-
scription (6). We surmised that this transcriptional repression
might be a secondary event that occurs following the initial
activation by IFN-�, since ICSBP is induced after IFN-� treat-
ment and since it takes time for the protein to accumulate in
macrophages (22). To address this possibility, we examined the
kinetics of ICSBP and TEL binding after various periods of
IFN-� treatment. IRF-1 was included in our tests, because
IFN-� activation of genes with ISRE depends on this factor
(6). As presented in Fig. 6C, IRF-1 bound to the ISRE within
1 h following IFN-� treatment. At that time, the binding of
ICSBP was very low, with little recruitment of TEL and
HDAC3. By 3 h, however, the levels of ICSBP bound to the
ISRE increased by 	10-fold. Accordingly, TEL and HDAC3

FIG. 6. IFN-�-dependent recruitment of HDAC3 to the ISRE. (A
and B) The immobilized wild-type (WT) and mutant (Mut) ISREs
were incubated with 100 
g of extracts from RAW cells treated with
IFN-� (100 U/ml) (A and B) or IFN-�/� (1,000 U/ml) (B) for 12 h, and
bound proteins were detected by immunoblotting. Input represents 5%
of total extracts. (C) Binding of indicated factors was tested with 100

g of extracts from RAW cells treated for the indicated times. Input
represents 10% of total extracts.
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recruitment was detectable by this time, and these proteins
remained on the ISRE up to 6 h. These results suggest that,
during the initial period of IFN-� treatment (up to 	3 h), it is
IRF-1 that predominantly binds to the ISRE when TEL and
HDAC3 are largely absent from the element. Subsequently,
the binding of ICSBP and recruitment of TEL and HDAC3
ensue. Thus, TEL and HDAC3 recruitment and the resultant
transcriptional repression may be a postactivation event.

DISCUSSION

By mass-spectrometric analysis we identified TEL, a mem-
ber of the Ets family, as a protein that is recruited to the ISRE
in IFN-�-stimulated macrophages. TEL recruitment to the
ISRE was attributed to the interaction with ICSBP, a member
of the IRF family induced by IFN-� in these cells. TEL re-
cruitment was associated with an increased repression of
ISRE-dependent transcription. Providing a plausible mecha-
nism of the increased repression, TEL binding led to the re-
cruitment of HDAC3 to the ISRE in an IFN-�-dependent
manner. Together, our results reveal a novel role for TEL in
regulating IFN-�-dependent transcription, conferred through
an interaction with ICSBP.

Mechanism of TEL recruitment. Experiments with recom-
binant proteins showed that only ICSBP, not IRF-1 or IRF-2,
permits TEL to bind to the ISRE, illustrating a specific role for
ICSBP in TEL recruitment. Order-of-addition experiments as
well as GST pull-down experiments indicated that TEL and
ICSBP can associate with each other through a protein-protein
interaction. In addition, ICSBP and TEL, when added to-
gether, showed an increase in apparent ISRE binding activity,
suggesting that the TEL-ICSBP interaction is stabilized by the
ISRE.

In our experiments with RAW cell extracts, TEL recruit-
ment was found to be dependent on IFN-�. This result was
interesting, since TEL expression levels were not altered be-
fore and after IFN-� treatment, excluding altered TEL levels
as a mechanism of recruitment. A plausible mechanism for
IFN-�-dependent TEL recruitment may include a posttransla-
tional modification of TEL and/or ICSBP, such as phosphor-
ylation. This possibility may be supported by the fact that the
TEL gene encodes at least two phosphoproteins, both isoforms
being subject to common and distinct phosphorylation events
(39). Moreover, ICSBP is shown to be phosphorylated upon
IFN-� treatment (23, 45). On the other hand, it is also possible
that TEL recruitment depends on increased expression of
ICSBP, which would increase the chance of a protein-protein
interaction, even when TEL levels remain constant. These two
mechanisms are not mutually exclusive and may contribute to
TEL recruitment in concert.

Dual roles of ICSBP. To our knowledge, the interaction
between ICSBP and TEL is the second example of the inter-
action between proteins of the IRF and Ets families. ICSBP
has been known to interact with PU.1, a hematopoietic-cell-
specific member of the Ets family (4, 5, 38). In addition to
ICSBP, PU.1 interacts with Pip, another member of the IRF
family, in a phosphorylation-dependent manner (40). Al-
though there is a certain similarity, the ICSBP-TEL interaction
differs from the PU.1-ICSBP interaction in several significant
ways. First, the PU.1-ICSBP complex binds to the Ets/IRF

composite element EICE, consisting of an Ets site (GGAA)
and an ISRE half site (GAAA), to which PU.1 and ICSBP
bind, respectively (4). However, the ISRE does not have an Ets
site to which an Ets family member could bind. Underscoring
this difference, PU.1 was not recruited to the ISRE before and
after IFN-� treatment (Fig. 1B). Thus, recruitment of TEL to
the ISRE is likely to be strongly dependent on protein-protein
interaction. Nevertheless, TEL appears to have some affinity
for the ISRE particularly for the 3� GAAA site, as evidenced
by the lack of TEL binding to the M4 mutant (Fig. 1C). The
possibility that TEL and PU.1 interact with ICSBP in a distinct
manner can also be inferred by the difference in the domain
requirement for the two proteins. Whereas the ICSBP-TEL
interaction requires the DBD of ICSBP, the PU.1-ICSBP in-
teraction is dependent on the IAD domain in the C-terminal
region, although the DBD is also required for this interaction
(5, 38). Likewise, while the extreme C-terminal region of TEL
is required for interacting with ICSBP, PU.1 requires the
PEST domain, which is N-terminal to the Ets domain, for
interacting with ICSBP (5). That the Ets and IRF proteins bind
to the EICE and ISRE in opposite orientations (Fig. 7) may
partly account for these differences.

Another notable difference between the ICSBP-TEL inter-
action and that of PU.1-ICSBP is that they lead to opposite
outcomes in transcription, i.e., while the former causes in-
creased repression, the latter results in transcriptional activa-
tion. Accumulating evidence indicates that ICSBP and PU.1
activate transcription through EICE and related elements in
IFN-�-stimulated macrophages, as reported for genes encod-
ing the respiratory oxidases gp91phox and p67phox and interleu-
kin-1� (IL-1�) (13, 23, 30). ICSBP and PU.1 may also have a
role in enhancing expression of the toll-like receptor 4 (42) and

FIG. 7. A model for interaction of ICSBP with TEL. ICSBP inter-
acts with Ets family proteins TEL and PU.1 in IFN-�-stimulated mac-
rophages. The interaction with TEL occurs on the ISRE, while that
with PU.1 requires the EICE. The two partners bind to the elements
in opposite orientations: on the ISRE, ICSBP binds to the 5� site and
TEL binds to the 3� site, while on the EICE, PU.1 binds the 5� site and
ICSBP binds to the 3� site. ICSBP-TEL complex formation may be a
late event that occurs following transcriptional activation by IRF-1, as
it recruits HDAC3 and represses ISRE-dependent transcription. This
repression may be part of a negative-feedback mechanism. On the
other hand, the ICSBP-PU.1 complex activates EICE-dependent tran-
scription presumably by recruiting the histone acetylase (HAT) CBP/
p300. This model illustrates a dual role of ICSBP that is acquired by
the interaction with two different Ets family partners, permitting im-
mune cell-specific gene regulation by IFN-�.
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IL-18 (25) through a similar element. This activation seems to
involve other factors, notably the coactivator/histone acetylase
CBP/p300, with which PU.1 is shown to interact (59). Contrary
to the activation by PU.1, TEL led to increased repression of
ISRE-dependent gene expression, as evidenced by the reduced
reporter activity and reduced 2�,5�-OAS expression. In these
experiments, where TEL and ICSBP were ectopically ex-
pressed, ISRE-dependent transcription was repressed even in
the absence of IFN-� addition, although repression was greater
following IFN-� addition. In view of the existence of a large
number of IFN-inducible genes (2), there may be many other
genes that are repressed by the two proteins. A microarray-
based analysis may provide genome-wide information on target
genes regulated by TEL and ICSBP. Combining these results,
it appears that ICSBP assumes a dual activity in IFN-�-stimu-
lated macrophages: on one hand ICSBP and PU.1 coopera-
tively activate a certain set of genes. On the other hand, by
forming a complex with TEL, ICSBP represses gene expression
through the ISRE (a model in shown in Fig. 7).

HDAC3 recruitment and biological significance. We found
that interaction of ICSBP with TEL results in the recruitment
of HDAC3 to the ISRE. In view of the association between
histone deacetylases and transcriptional repression docu-
mented for a number of promoters (9, 24), the recruitment of
HDAC3 is likely to be a mechanism of increased repression.
Our results are consistent with the previous report by Wang
and Hiebert (55) showing that TEL interacts with HDAC3 and
represses Ets-dependent transcription. In that study, TEL was
shown to interact with HDAC3 and other corepressors through
the domains in the N-terminal region including the PNT do-
main and a region covering amino acids 268 to 333. Interest-
ingly these regions are outside of the domains required for the
interaction with ICSBP (Fig. 3). This nonoverlapping-domain
requirement suggests that TEL forms a ternary complex with
HDAC3 and ICSBP. Moreover, the observation that the TEL
deletion mutants �55-245 and �55-332 were unable to repress
ISRE promoter activity despite the retention of ICSBP binding
activity may now be explained by their inability to recruit
HDAC3. It is noteworthy that only HDAC3, not HDAC1 and
HDAC2, was recruited to the ISRE. The specific recruitment
for HDAC3 is of interest; although class I histone deacetylases
HDAC1, HDAC2, and HDAC3 all form multiprotein com-
plexes (20, 51, 61), recent studies indicate that the corepressors
N-CoR and SMRT are preferentially assembled into the
HDAC3 complex, but not into the HDAC1 or HDAC2 com-
plex, suggesting that HDAC3 has a functional activity distinct
from those of other class I histone deacetylases (27, 58). The
selective recruitment of HDAC3 may have functional signifi-
cance for certain promoters in establishing transcriptional re-
pression and alteration of the chromatin environment.

Given that TEL recruitment is dependent on ICSBP, whose
expression is increased following IFN-� treatment (22), TEL
recruitment and the resultant transcriptional repression are
not likely to be immediate responses to IFN-� but rather de-
layed events that follow initial activation of transcription (a
model is shown in Fig. 7). In support of this idea, results of
kinetics studies shown in Fig. 6C indicated that the binding of
IRF-1, a transcriptional activator, precedes the recruitment of
TEL and HDAC3, which coincides with ICSBP binding. TEL-
mediated repression might be part of a negative-feedback

mechanism designed to restore the basal, low-level transcrip-
tion and as such may be an integral part of the IFN-� response.
Activation of cytokine signaling is coupled with multiple layers
of negative regulation to ensure timely down-regulation of
signaling, as exemplified by the SOCS system (17). The TEL-
mediated repression may be an example of negative regulation
acting at the level of transcription, which may be particularly
important for ISRE-carrying genes that are normally stimu-
lated by IFN-�/� (47).

In conclusion, we have described a novel role for TEL in
negatively regulating ISRE-dependent gene expression in re-
sponse to IFN-�, a role acquired as a consequence of the
interaction with ICSBP. Identification of additional genes reg-
ulated by TEL and ICSBP may provide further information on
a negative-feedback mechanism triggered by IFN-�.

ACKNOWLEDGMENTS

We are grateful to S. Mazur for critical reading of the manuscript.
T.K. and C.G. were supported in part by the fellowship from the

Japan Society for promotion of Science in NIH and the Association
Pour la Recherche sur le Cancer, respectively.

T. Kuwata and C. Gongora contributed equally to this work.

REFERENCES

1. Bergman, A. C., T. Benjamin, A. Alaiya, M. Waltham, K. Sakaguchi, B.
Franzen, S. Linder, T. Bergman, G. Auer, E. Appella, P. J. Wirth, and H.
Jornvall. 2000. Identification of gel-separated tumor marker proteins by
mass spectrometry. Electrophoresis 21:679–686.

2. Boehm, U., T. Klamp, M. Groot, and J. C. Howard. 1997. Cellular responses
to interferon-gamma. Annu. Rev. Immunol. 15:749–795.

3. Bovolenta, C., J. Lou, Y. Kanno, B. K. Park, A. M. Thornton, J. E. Coligan,
M. Schubert, and K. Ozato. 1995. Vesicular stomatitis virus infection induces
a nuclear DNA-binding factor specific for the interferon-stimulated response
element. J. Virol. 69:4173–4181.

4. Brass, A. L., E. Kehrli, C. F. Eisenbeis, U. Storb, and H. Singh. 1996. Pip, a
lymphoid-restricted IRF, contains a regulatory domain that is important for
autoinhibition and ternary complex formation with the Ets factor PU.1.
Genes Dev. 10:2335–2347.

5. Brass, A. L., A. Q. Zhu, and H. Singh. 1999. Assembly requirement of
PU.1-Pip(IRF-4) activator complexes: inhibiting function in vivo using fused
dimers. EMBO J. 18:977–991.

6. Briken, V., H. Ruffner, U. Schultz, A. Schwarz, L. F. Reis, I. Strehlow, T.
Decker, and P. Staeheli. 1995. Interferon regulatory factor 1 is required for
mouse Gbp gene activation by gamma interferon. Mol. Cell. Biol. 15:975–
982.

7. Chakrabarti, S. R., and G. Nucifora. 1999. The leukemia-associated gene
TEL encodes a transcription repressor which associates with SMRT and
mSin3A. Biochem. Biophys. Res. Commun. 264:871–877.

8. Cohen, B., D. Peretz, D. Vaiman, P. Benech, and J. Chebath. 1988. Enhanc-
er-like interferon responsive sequences of the human and murine (2�-5�)
oligoadenylate synthetase gene promoters. EMBO J. 7:1411–1419.

9. Cress, W. D., and E. Seto. 2000. Histone deacetylases, transcriptional con-
trol, and cancer. J. Cell Physiol. 184:1–16.

10. Decker, T., D. J. Lew, Y. S. Cheng, D. E. Levy, and J. E. Darnell, Jr. 1989.
Interactions of alpha- and gamma-interferon in the transcriptional regula-
tion of the gene encoding a guanylate-binding protein. EMBO J. 8:2009–
2014.

11. Dignam, J. D., R. M. Lebovitz, and R. G. Roeder. 1983. Accurate transcrip-
tion initiation by RNA polymerase II in a soluble extract from isolated
mammalian nuclei. Nucleic Acids Res. 11:1475–1489.

12. Driggers, P. H., D. L. Ennist, S. L. Gleason, W. H. Mak, M. S. Marks, B. Z.
Levi, J. R. Flanagan, E. Appella, and K. Ozato. 1990. An interferon gamma-
regulated protein that binds the interferon-inducible enhancer element of
major histocompatibility complex class I genes. Proc. Natl. Acad. Sci. USA
87:3743–3747.

13. Eklund, E. A., A. Jalava, and R. Kakar. 1998. PU.1, interferon regulatory
factor 1, and interferon consensus sequence-binding protein cooperate to
increase gp91(phox) expression. J. Biol. Chem. 273:13957–13965.

14. Fenrick, R., J. M. Amann, B. Lutterbach, L. Wang, J. J. Westendorf, J. R.
Downing, and S. W. Hiebert. 1999. Both TEL and AML-1 contribute repres-
sion domains to the t(12;21) fusion protein. Mol. Cell. Biol. 19:6566–6574.

15. Golub, T. R., G. F. Barker, M. Lovett, and D. G. Gilliland. 1994. Fusion of
PDGF receptor beta to a novel ets-like gene, tel, in chronic myelomonocytic
leukemia with t(5;12) chromosomal translocation. Cell 77:307–316.

VOL. 22, 2002 ICSBP RECRUITS TEL TO INTERFERON-RESPONSIVE PROMOTER 7447



16. Golub, T. R., T. McLean, K. Stegmaier, M. Carroll, M. Tomasson, and D. G.
Gilliland. 1996. The TEL gene and human leukemia. Biochim. Biophys. Acta
1288:M7–M10.

17. Greenhalgh, C. J., and D. J. Hilton. 2001. Negative regulation of cytokine
signaling. J. Leukoc. Biol. 70:348–356.

18. Hiebert, S. W., W. Sun, J. N. Davis, T. Golub, S. Shurtleff, A. Buijs, J. R.
Downing, G. Grosveld, M. F. Roussell, D. G. Gilliland, N. Lenny, and S.
Meyers. 1996. The t(12;21) translocation converts AML-1B from an activa-
tor to a repressor of transcription. Mol. Cell. Biol. 16:1349–1355.

19. Holtschke, T., J. Lohler, Y. Kanno, T. Fehr, N. Giese, F. Rosenbauer, J. Lou,
K. P. Knobeloch, L. Gabriele, J. F. Waring, M. F. Bachmann, R. M. Zink-
ernagel, H. C. Morse III, K. Ozato, and I. Horak. 1996. Immunodeficiency
and chronic myelogenous leukemia-like syndrome in mice with a targeted
mutation of the ICSBP gene. Cell 87:307–317.

20. Humphrey, G. W., Y. Wang, V. R. Russanova, T. Hirai, J. Qin, Y. Nakatani,
and B. H. Howard. 2001. Stable histone deacetylase complexes distinguished
by the presence of SANT domain proteins CoREST/kiaa0071 and Mta-L1.
J. Biol. Chem. 276:6817–6824.

21. Jousset, C., C. Carron, A. Boureux, C. T. Quang, C. Oury, I. Dusanter-Fourt,
M. Charon, J. Levin, O. Bernard, and J. Ghysdael. 1997. A domain of TEL
conserved in a subset of ETS proteins defines a specific oligomerization
interface essential to the mitogenic properties of the TEL-PDGFR beta
oncoprotein. EMBO J. 16:69–82.

22. Kantakamalakul, W., A. D. Politis, S. Marecki, T. Sullivan, K. Ozato, M. J.
Fenton, and S. N. Vogel. 1999. Regulation of IFN consensus sequence bind-
ing protein expression in murine macrophages. J. Immunol. 162:7417–7425.

23. Kautz, B., R. Kakar, E. David, and E. A. Eklund. 2001. SHP1 protein-
tyrosine phosphatase inhibits gp91PHOX and p67PHOX expression by in-
hibiting interaction of PU.1, IRF1, interferon consensus sequence-binding
protein, and CREB-binding protein with homologous cis elements in the
CYBB and NCF2 genes. J. Biol. Chem. 276:37868–37878.

24. Khochbin, S., A. Verdel, C. Lemercier, and D. Seigneurin-Berny. 2001.
Functional significance of histone deacetylase diversity. Curr. Opin. Genet.
Dev. 11:162–166.

25. Kim, Y. M., J. Y. Im, S. H. Han, H. S. Kang, and I. Choi. 2000. IFN-gamma
up-regulates IL-18 gene expression via IFN consensus sequence-binding
protein and activator protein-1 elements in macrophages. J. Immunol. 165:
3198–3205.

26. Klemsz, M. J., S. R. McKercher, A. Celada, C. Van Beveren, and R. A. Maki.
1990. The macrophage and B cell-specific transcription factor PU.1 is related
to the ets oncogene. Cell 61:113–124.

27. Li, J., J. Wang, Z. Nawaz, J. M. Liu, J. Qin, and J. Wong. 2000. Both
corepressor proteins SMRT and N-CoR exist in large protein complexes
containing HDAC3. EMBO J. 19:4342–4350.

28. Lodie, T. A., R. Savedra, Jr., D. T. Golenbock, C. P. Van Beveren, R. A. Maki,
and M. J. Fenton. 1997. Stimulation of macrophages by lipopolysaccharide
alters the phosphorylation state, conformation, and function of PU.1 via
activation of casein kinase II. J. Immunol. 158:1848–1856.

29. Lopez, R. G., C. Carron, C. Oury, P. Gardellin, O. Bernard, and J. Ghysdael.
1999. TEL is a sequence-specific transcriptional repressor. J. Biol. Chem.
274:30132–30138.

30. Marecki, S., M. L. Atchison, and M. J. Fenton. 1999. Differential expression
and distinct functions of IFN regulatory factor 4 and IFN consensus se-
quence binding protein in macrophages. J. Immunol. 163:2713–2722.

31. Marecki, S., C. J. Riendeau, M. D. Liang, and M. J. Fenton. 2001. PU.1 and
multiple IFN regulatory factor proteins synergize to mediate transcriptional
activation of the human IL-1 beta gene. J. Immunol. 166:6829–6838.

32. Masumi, A., I. M. Wang, B. Lefebvre, X. J. Yang, Y. Nakatani, and K. Ozato.
1999. The histone acetylase PCAF is a phorbol-ester-inducible coactivator of
the IRF family that confers enhanced interferon responsiveness. Mol. Cell.
Biol. 19:1810–1820.

33. Mavrothalassitis, G., and J. Ghysdael. 2000. Proteins of the ETS family with
transcriptional repressor activity. Oncogene 19:6524–6532.

34. Meraro, D., S. Hashmueli, B. Koren, A. Azriel, A. Oumard, S. Kirchhoff, H.
Hauser, S. Nagulapalli, M. L. Atchison, and B. Z. Levi. 1999. Protein-protein
and DNA-protein interactions affect the activity of lymphoid-specific IFN
regulatory factors. J. Immunol. 163:6468–6478.

35. Muller, U., U. Steinhoff, L. F. Reis, S. Hemmi, J. Pavlovic, R. M. Zinkerna-
gel, and M. Aguet. 1994. Functional role of type I and type II interferons in
antiviral defense. Science 264:1918–1921.

36. Nelson, N., M. S. Marks, P. H. Driggers, and K. Ozato. 1993. Interferon
consensus sequence-binding protein, a member of the interferon regulatory
factor family, suppresses interferon-induced gene transcription. Mol. Cell.
Biol. 13:588–599.

37. Nguyen, H., J. Hiscott, and P. M. Pitha. 1997. The growing family of inter-
feron regulatory factors. Cytokine Growth Factor Rev. 8:293–312.

38. Perkel, J. M., and M. L. Atchison. 1998. A two-step mechanism for recruit-
ment of Pip by PU.1. J. Immunol. 160:241–252.

39. Poirel, H., C. Oury, C. Carron, E. Duprez, Y. Laabi, A. Tsapis, S. P. Romana,
M. Mauchauffe, M. Le Coniat, R. Berger, J. Ghysdael, and O. A. Bernard.
1997. The TEL gene products: nuclear phosphoproteins with DNA binding
properties. Oncogene 14:349–357.

40. Pongubala, J. M., and M. L. Atchison. 1997. PU.1 can participate in an active
enhancer complex without its transcriptional activation domain. Proc. Natl.
Acad. Sci. USA 94:127–132.

41. Rebouillat, D., and A. G. Hovanessian. 1999. The human 2�,5�-oligoadeny-
late synthetase family: interferon-induced proteins with unique enzymatic
properties. J. Interferon Cytokine Res. 19:295–308.

42. Rehli, M., A. Poltorak, L. Schwarzfischer, S. W. Krause, R. Andreesen, and
B. Beutler. 2000. PU.1 and interferon consensus sequence-binding protein
regulate the myeloid expression of the human Toll-like receptor 4 gene.
J. Biol. Chem. 275:9773–9781.

43. Scharton-Kersten, T., C. Contursi, A. Masumi, A. Sher, and K. Ozato. 1997.
Interferon consensus sequence binding protein-deficient mice display im-
paired resistance to intracellular infection due to a primary defect in inter-
leukin 12 p40 induction. J. Exp. Med. 186:1523–1534.

44. Sementchenko, V. I., and D. K. Watson. 2000. Ets target genes: past, present
and future. Oncogene 19:6533–6548.

45. Sharf, R., D. Meraro, A. Azriel, A. M. Thornton, K. Ozato, E. F. Petricoin,
A. C. Larner, F. Schaper, H. Hauser, and B. Z. Levi. 1997. Phosphorylation
events modulate the ability of interferon consensus sequence binding protein
to interact with interferon regulatory factors and to bind DNA. J. Biol.
Chem. 272:9785–9792.

46. Shevchenko, A., M. Wilm, O. Vorm, and M. Mann. 1996. Mass spectrometric
sequencing of proteins silver-stained polyacrylamide gels. Anal. Chem. 68:
850–858.

47. Stark, G. R., I. M. Kerr, B. R. Williams, R. H. Silverman, and R. D.
Schreiber. 1998. How cells respond to interferons. Annu. Rev. Biochem.
67:227–264.

48. Tamura, T., T. Nagamura-Inoue, Z. Shmeltzer, T. Kuwata, and K. Ozato.
2000. ICSBP directs bipotential myeloid progenitor cells to differentiate into
mature macrophages. Immunity 13:155–165.

49. Tamura, T., and K. Ozato. 2002. ICSBP(IRF-8): its regulatory role in the
development of myeloid cells. J. Interferon Cytokine. Res. 22:145–152.

50. Taniguchi, T., K. Ogasawara, A. Takaoka, and N. Tanaka. 2001. IRF family
of transcription factors as regulators of host defense. Annu. Rev. Immunol.
19:623–655.

51. Tong, J. K., C. A. Hassig, G. R. Schnitzler, R. E. Kingston, and S. L.
Schreiber. 1998. Chromatin deacetylation by an ATP-dependent nucleo-
some remodelling complex. Nature 395:917–921.

52. Tsujimura, H., T. Nagamura-Inoue, T. Tamura, and K. Ozato. 2002. ICSBP/
IRF-8 guides bone marrow progenitor cells towards the macrophage lineage.
J. Immunol. 169:1261–1269.

53. Wang, I. M., J. C. Blanco, S. Y. Tsai, M. J. Tsai, and K. Ozato. 1996.
Interferon regulatory factors and TFIIB cooperatively regulate interferon-
responsive promoter activity in vivo and in vitro. Mol. Cell. Biol. 16:6313–
6324.

54. Wang, I. M., C. Contursi, A. Masumi, X. Ma, G. Trinchieri, and K. Ozato.
2000. An IFN-gamma-inducible transcription factor, IFN consensus se-
quence binding protein (ICSBP), stimulates IL-12 p40 expression in macro-
phages. J. Immunol. 165:271–279.

55. Wang, L., and S. W. Hiebert. 2001. TEL contacts multiple co-repressors and
specifically associates with histone deacetylase-3. Oncogene 20:3716–3725.

56. Wang, L. C., W. Swat, Y. Fujiwara, L. Davidson, J. Visvader, F. Kuo, F. W.
Alt, D. G. Gilliland, T. R. Golub, and S. H. Orkin. 1998. The TEL/ETV6
gene is required specifically for hematopoiesis in the bone marrow. Genes
Dev. 12:2392–2402.

57. Weisz, A., P. Marx, R. Sharf, E. Appella, P. H. Driggers, K. Ozato, and B. Z.
Levi. 1992. Human interferon consensus sequence binding protein is a neg-
ative regulator of enhancer elements common to interferon-inducible genes.
J. Biol. Chem. 267:25589–25596.

58. Wen, Y. D., V. Perissi, L. M. Staszewski, W. M. Yang, A. Krones, C. K. Glass,
M. G. Rosenfeld, and E. Seto. 2000. The histone deacetylase-3 complex
contains nuclear receptor corepressors. Proc. Nat. Acad. Sci. USA 97:7202–
7207.

59. Yamamoto, H., F. Kihara-Negishi, T. Yamada, Y. Hashimoto, and T.
Oikawa. 1999. Physical and functional interactions between the transcription
factor PU.1 and the coactivator CBP. Oncogene 18:1495–1501.

60. Zhang, Y., H. H. Ng, H. Erdjument-Bromage, P. Tempst, A. Bird, and D.
Reinberg. 1999. Analysis of the NuRD subunits reveals a histone deacetylase
core complex and a connection with DNA methylation. Genes Dev. 13:1924–
1935.

61. Zhang, Y., Z. W. Sun, R. Iratni, H. Erdjument-Bromage, P. Tempst, M.
Hampsey, and D. Reinberg. 1998. SAP30, a novel protein conserved between
human and yeast, is a component of a histone deacetylase complex. Mol. Cell
1:1021–1031.

7448 KUWATA ET AL. MOL. CELL. BIOL.


